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Open access under the ElThis study aimed to investigate the effects of pectinase enzyme treatment of açaí pulp on cross-ﬂow
microﬁltration (CFMF) performance and on phytochemical and functional characteristics of their com-
pounds. Analyses of fouling mechanisms were carried out through resistance in series and blocking in
law models.
The enzymatic treatment was conducted using Ultrazym AFPL (Novozymes A/S) at 500 mg kg1 of
açaí pulp for 30 min at 35 C. Before microﬁltrations, untreated and enzyme-treated açaí pulps were pre-
viously diluted in distilled water (1:3; w/v).
CFMFs were conducted using commercial a-alumina (a-Al2O3) ceramic membranes (Andritz AG, Aus-
tria) of 0.2 lm and 0.8 lm pore sizes, and 0.0047 m2 of ﬁltration area. The microﬁltration unit was oper-
ated in batch mode for 120 min at 25 C and the ﬂuid-dynamic conditions were transmembrane pressure
of DP = 100 kPa and cross-ﬂow velocity of 3 m s1 in turbulent ﬂow.
The highest values of permeate ﬂux and accumulated permeate volume were obtained using enzyme-
treated pulp and 0.2 lm pore size membranes with steady ﬂux values exceeding 100 L h1 m2. For the
0.8 lm pore size membrane, the estimated total resistance after the microﬁltration of enzyme-treated
açaí pulp was 21% lower than the untreated pulp, and for the 0.2 lm pore size membrane, it was 18%.
Cake ﬁltration was the dominant mechanism in the early stages of most of the CFMF processes. After
approximately 20 min, however, intermediate pore blocking and complete pore blocking contributed
to the overall fouling mechanisms.
The reduction of the antioxidant capacity of the permeates obtained after microﬁltration of the
enzyme-treated pulp was higher (p < 0.01) than that obtained using untreated pulp. For total polyphe-
nols, on the contrary, the permeates obtained after microﬁltration of the enzyme-treated pulp showed
a lower mean reduction (p < 0.01) than those from the untreated pulp. The results show that the enzy-
matic treatment had a positive effect on the CFMF process of açaí pulp.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Açaí (Euterpe oleracea Mart.) is a palm tree fruit found through-
out the Amazon estuary ﬂoodplains. Açaí pulp is typically con-
sumed in natura or added as an ingredient to various food
products and beverages (Rogez, 2000; Menezes et al., 2008). In Bra-
zil, the state of Pará is the main natural dispersion center for the
açaí palm, generating approximately 95% of the national
production.
Açaí pulp is considered a high-nutrition food due to its large
amount of lipids (mostly unsaturated fatty acids), protein, minerals
and insoluble dietary ﬁber (Menezes et al., 2008; Schauss et al.,
2006). The fruit has also received international interest due tox: +55 16 3373 9402.
chado).
sevier OA license.the potential health beneﬁts associated with its phenolic composi-
tion and antioxidant capacity (Pozo-Insfran et al., 2004; Licht-
enthäler et al., 2005).
Açaí is rich in anthocyanins, a group of polyphenols included in
the ﬂavonoid class, constituting the glycosides of polyhydroxyl and
polymethoxyl derivatives of 2-phenylbenzopyrylium (ﬂavylium
cation). The two major anthocyanins found in açaí are cyanidin-
3-glucoside and cyaniding-3-rutinoside (Pozo-Insfran et al., 2004;
Lichtenthäler et al., 2005). Anthocyanins are water-soluble plant
pigments responsible for the orange, red and blue colors of fruits,
ﬂowers and vegetables (Castañeda-Ovando et al., 2009). These
ﬂavonoids have been the subject of numerous studies over their
possible use as a source of natural pigments and their high capacity
to scavenge free radicals associated with the prevention of cardio-
vascular and degenerative diseases (Kris-Etherton et al., 2002;
Szajdek and Borowska, 2008).
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chemical structure, environmental factors such as pH, tempera-
ture, oxygen, light, and by the presence of other phytochemicals
in the solution (Pozo-Insfran et al., 2004; Castañeda-Ovando
et al., 2009). To minimize the loss of functional properties of prod-
ucts made from açaí, careful studies on the processing and han-
dling practices are necessary. Cross-ﬂow microﬁltration (CFMF)
using ceramic membranes has been evaluated as an alternative
to conventional processes for the clariﬁcation of açaí pulp. This
technology can be used to stabilize the functional and microbiolog-
ical characteristics of açaí products by reducing adverse effects
associated with thermal treatments. CFMF can also be employed
in the integrated membrane processes as a preliminary treatment
to recover bioactive compounds from açaí, resulting in a product
that can be used as a functional ingredient in the food and bever-
age industries.
The main drawback to using membrane technology has been
the permeate ﬂux decay as a function of operation time due to
the high concentration of soluble and insoluble solids in the raw
material. Several mechanisms, such as concentration polarization
and fouling, are involved in reducing the permeate ﬂux. Concentra-
tion polarization is a reversible phenomenon in which the solute or
particle concentration in the vicinity of the membrane surface is
higher than that in the bulk. Polarized layer or cake layer occurs
when hydrocolloids, macromolecules and other relatively larger
solutes are ﬁltered and accumulated at the membrane surface, pro-
viding additional hydraulic resistance to the permeate ﬂux with
time in a microﬁltration process (Belfort et al., 1994; Song and
Elimelech, 1995; Dufrèche et al., 2002). The rapid permeate ﬂux
decline at the start of cross-ﬂow operations has been attributed
to the formation of the cake layer at the membrane surface.
Changes in operating conditions, such as increasing the feed veloc-
ity and/or decreasing the transmembrane pressure or feed concen-
tration, contribute to reduce the thickness of the cake layer and
increase the permeate ﬂux (Zeman and Zydney, 1996; Cheryan,
1998). Membrane fouling is characterized by an irreversible pore
blockage caused by the deposition and accumulation of feed com-
ponents on the surface and/or within the membrane pores (by
adsorption or physical blockage of pores). The fouling phenomenon
occurs due to speciﬁc solute–solute and solute–membrane physi-
cal and chemical interactions which are independent of changes
in operating conditions. In this case, permeate ﬂux recovery is only
possible after chemical cleaning of the membrane (Cheryan, 1998).
In general, the greatest resistance to permeate ﬂux during the
ﬁltration of fruit juices is provided by cell-wall polysaccharides
such as protopectin, cellulose, hemicellulose and lignin in the
raw materials. Consequently, pectinolytic enzymes like polygalac-
turonase, pectin methylesterase and pectin lyase have long been
used to increase clariﬁcation and reduce viscosity in juices
(Vaillant et al., 1999; Yu and Lencki, 2004; Ushikubo et al., 2007;
Koponen et al., 2008). Pectinases are a group of enzymes that de-
grade pectic substances by hydrolyzing glycosidic bonds along
the carbon chain (Benen et al., 2003). Concomitant with increasing
ﬁltration performance, enzymatic treatment has also been used to
enhance the extractability of phenolic components through the
degradation of skin cell wall material (Bagger-Jørgensen and
Meyer, 2004).
To investigate permeate ﬂux decay and how to minimize it, dif-
ferent membrane pore blocking models have been used to identify
the most prominent ﬂux decline mechanisms during the microﬁl-
tration process (Hermia, 1982; Field et al., 1995; Arnot et al., 2000;
Lim and Bai, 2003; Mirsaeedghazi et al., 2010).
The analysis for predicting ﬂux decline by resistance in series
has been a practical approach in modeling complex processes.
The membrane is considered a thickness barrier of resistance (R)
with intrinsic hydraulic resistance (RM), which depends on itsmanufacturing procedure and respective morphology. In the sol-
utes separation process an additional resistance (RC) is related to
the concentration polarization and to the cake layer due to high
concentration of solutes at the membrane surface. As the irrevers-
ible impregnation (fouling) mechanism is also present during most
of the process, one respective extra resistance (RF) must be added.
Assuming that all the resistances – membrane, cake layer and foul-
ing – act in series, the permeate ﬂux can be expressed according to
Darcy’s law, which considers total resistance to the permeate ﬂux
as the sum of all resistances (Cheryan, 1998).
Mathematical modeling of ﬂux decline behavior using empirical
models was ﬁrst proposed by Hermia (1982), based on the mem-
brane separation processes being conducted under constant pres-
sure. Hermia described modes of membrane pore blocking where
the fouling mechanisms were represented by four different condi-
tions: cake ﬁltration, standard blocking, incomplete pore blocking
and complete blocking. The models originally applied to dead-
end ﬁltration were later modiﬁed for CFMF (Field et al., 1995;
Arnot et al., 2000). Recently, mathematical blocking models have
been used to determine the fouling mechanisms involved in CFMF,
and have achieved relative success in the modeling of complex ﬂu-
ids (Arnot et al., 2000; Almandoz et al., 2010; Li et al., 2010).
Considering consumer demand for high-quality foods, there is
a need to deﬁne processing operations which allow açaí pulp to
maintain its functional characteristics. Accordingly, this study
was designed to investigate the effects of pectinase enzyme
treatment of açaí pulp on CFMF performance. Analyses of fouling
mechanisms were carried out through resistance in series and
blocking in law models. The recovery of phytochemicals via
total polyphenols and antioxidant capacity analysis was also
examined.2. Experimental
2.1. Chemicals
Folin & Ciocalteu’s phenol reagent, 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH), and the standards 6-hydroxy-2,5,7,8-tetrame-
thylchromane-2-carboxylic acid (trolox) and gallic acid were
obtained from Sigma–Aldrich (Sigma–Aldrich Co., St. Louis, USA).
HPLC grade absolute ethyl alcohol, anhydrous sodium carbonate
and sodium hydroxide were acquired from J.T. Baker (Mallinckrodt
Baker, S.A., Mexico).2.2. Açaí pulp and pre-treatments
Commercial frozen açaí pulps (medium type: 11–14% of total
solids) manufactured in the Brazilian city of Belém (Pará state)
were acquired in the city of São Carlos (São Paulo state) and stored
at 18 C until microﬁltration processing. The frozen pulp used in
the experiments was obtained from the same supplier and thawed
at temperatures of under 40 C before conducting the tests.
Enzymatic treatment was carried out using Ultrazym AFPL
(Novozymes A/S – Bagsvaerd, Denmark) at 500 mg kg1 of açaí
pulp for 30 min at 35 C. Concentration and reaction temperature
were chosen based on the previous assays that evaluated the
apparent viscosity reduction of the açaí pulp treated with Ultra-
zym AFPL. To evaluate the enzymatic treatment effects, samples
were withdrawn at 0, 30, 90 and 120 min intervals of incubation
for rheological measurements using a rotational rheometer DVIII+
(Brookﬁeld Engineering Laboratory, Massachusetts, USA), equipped
with stainless steel cone-plate at 25 C.
Before CFMF, samples of untreated and enzyme-treated açaí
pulp were previously diluted in distilled water (1:3; w/v) and ﬁtted
using a stainless steel sieve with a 0.50 mm wire diameter.
Fig. 1. Microﬁltration test bench unit. (1) Double wall feeding tank; (2) positive
displacement pump; (3) bleeder valve; (4) pressure switch; (5) ﬂow meter; (6)
pressure gauge; (7) permeate exit; (8) module for tubular ceramic membrane
installation; (9) ﬂow control valve; (10) refrigeration circuit; (11) electronic control
unit for the elements: 2, 4, 5 and 10.
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Cross-ﬂow microﬁltrations were conducted using commercial
a-alumina (a-Al2O3) ceramic membranes (Andritz AG, Austria)
with pore sizes of 0.2 lm and 0.8 lm, single-channel tube of
0.006 m inner diameter, 0.25 m in length and 0.0047 m2 of ﬁltra-
tion area. A bench-top test unit was used in the CFMF experiments
(Fig. 1). The system was built using AISI 304 stainless steel and in-
cluded a double wall feeding tank (10 L), positive displacement
pump (NETZSCH Ltd., Brazil) for the ﬂow, bleed valve to improve
circuit cleaning, pressure switch, ﬂow meter, pressure gauge, mod-
ule for the ceramic tubular membrane installation, ﬂow control
valve, refrigeration system and an electronic control unit. The po-
sitive displacement pump was regulated by a frequency converter
to ensure constant transmembrane pressure, which was manually
controlled throughout the assays.
The temperature of the açaí suspension in the feed tank was
controlled at 25 ± 1 C during the microﬁltration processes using
a thermocouple device linked to a refrigeration system, and a cen-
trifugal pump to circulate cold water inside the double wall of the
feed tank. The microﬁltration unit was operated in batch mode forTable 1
Processing parameters of the microﬁltration experiments, which were performed in
the sequence below.
Experiments Processing parameters
Membrane
pore size
(lm)
Enzymatic
treatment
of the açaí
pulpa
Transmembrane
pressure (kPa)
Cross-
ﬂow
velocity
(m s1)
CF
c
MF1 0.8 (A)b Without 100 3.2 1.10
MF2 0.8 (A) With 100 3.2 1.13
MF3 0.2 (B) Without 100 3.2 1.18
MF4 0.2 (B) With 100 3.2 1.22
MF5 0.2 (C) With 100 3.2 1.25
MF6 0.2 (C) Without 100 3.2 1.18
a Enzymatic treatment of açaí pulp using Ultrazym AFPL at 500 mg kg1 for
30 min at 35 C.
b A, B and C refer to different alumina ceramic membranes used in the
microﬁltrations.
c CF – concentration factor was calculated by dividing the weight of the feed (kg)
by the weight of the retentate (kg).120 min. A summary of the ﬂuid-dynamic conditions is given in
Table 1.
To evaluate the enzymatic treatment effects, at every 5 min the
permeate was collected and weighed on an electronic scale (BEL
Engineering, Monza, Italy) to obtain the permeate ﬂux (J,
L h1 m2) behavior during the microﬁltrations. J was calculated
using the following equation:
J ¼ m
tAq
ð1Þ
where m is the permeate mass collected during the microﬁltration
(kg), t is the ﬁltration time (h), A is the effective ﬁltration area
(m2), and q is the permeate density (kg m3).
The retentate was recycled in the feed tank, while the permeate
was collected during the microﬁltration process for further analy-
sis. Collected samples of açaí pulp, feed suspension, permeate and
retentate were frozen and stored at 18 C until total polyphenols
and antioxidant capacity analysis.
2.4. Cleaning procedure
At the end of the microﬁltration processes, the system (bench-
top test unit and membrane) was rinsed with distilled water to re-
move the cake layer deposited on the membrane surface, and the
water ﬂux was measured under similar operating conditions. This
was followed by a chemical cleaning carried out in two stages.
First, 0.5% alkaline detergent Extran MA 01 (Merck KGaA, Darms-
tadt, Germany) was heated to 50 C and circulated in the system
for 20 min under cross-ﬂow velocity of 3 m s1 – 10 min without
transmembrane pressure (DP = 0 kPa) and 10 min with DP =
100 kPa. The system was then rinsed with distilled water to com-
pletely remove the detergent solution.
The membrane was then removed from the microﬁltration test
unit and left in 1% enzymatic detergent MIX UF10 (Mixing Quimica
Ind. e Comércio, Brazil) at room temperature (approximately 25 C)
for about 12 h, after which the membrane was rinsed with distilled
water and returned to the microﬁltration test unit. The second
stage of the chemical cleaning was similar to the ﬁrst, except for
the addition of 200 ppm of sodium hypochlorite (NaClO) to the
0.5% alkaline detergent solution. After being rinsed with distilled
water, the membrane was dried in an oven for 1 h at 70 C.
The effectiveness of the membrane cleaning was evaluated
through ﬂux recovery (FR, %), whereby the water ﬂux after chem-
ical cleaning (Jwc) was compared with the initial water ﬂux by
using a newmembrane (Jw) (Astudillo et al., 2010). Both were mea-
sured under similar operating conditions and FR was calculated
using the following expression:
FR ¼ Jwc
Jw
 
100 ð2Þ2.5. Analysis of the permeate ﬂux decay
2.5.1. Resistance in series model
According to Darcy’s law the permeate ﬂux is expressed as:
J ¼ DP
lðRTÞ ð3Þ
where J is the permeate ﬂux (m3 s1 m2), DP is transmembrane
pressure (kPa) and l is cinematic ﬂuid viscosity (Pa s) (Cheryan,
1998).
Total membrane resistance (RT), which is the sum of the resis-
tances to ﬂow, was calculated using Eq. 3, in which RT was esti-
mated using the average permeate ﬂux (J) measured 20 min after
the beginning of each microﬁltration, when the cake layer was con-
sidered settled.
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as:
RT ¼ RM þ RF þ RC ð4Þ
where RM is membrane resistance (m1); RF is resistance related to
fouling (m1), and RC is resistance related to cake layer (m1). The
resistance related to concentration polarization was considered
not signiﬁcant (zero).
Intrinsic hydraulic resistance of the membrane was calculated
using the measurements taken from the initial water ﬂux (Jw) using
the new membranes. Resistance related to fouling was estimated
using water ﬂux measurements taken after rinsing the membrane,
subsequent to the microﬁltration runs. Resistance related to cake
layer was estimated using Eq. 4.
2.5.2. Blocking in law model
The membrane fouling mechanisms responsible for reduced
ﬂux behavior were also analyzed using empirical models proposed
by Hermia (1982), originally applied to dead-end ﬁltration con-
ducted under constant pressure (Eq. 5) and then modiﬁed for use
in the cross-ﬂow ﬁltration analysis (Eq. 6) by Field et al. (1995).
d2t
dV2
¼ k dt
dV
 n
ð5Þ
dJ
dt
Jn2 ¼ kðJ  JÞ ð6Þ
where k and n are the phenomenological coefﬁcient and general in-
dex of modeling, respectively, J0 is the initial permeate ﬂux of the
process, and J⁄ represents the steady-state ﬂux.
In the case of this study, we point out that because of the re-
duced permeation area, the concentration rate was low (CF ranged
from 1.10 to 1.25) (Table 1); barely interfering in the properties of
the ﬂuid. Thus, according to the graphically presented results, it
was assumed that the permeate ﬂux value (Jf) at the end of the
microﬁltration (120 min) was in a ‘‘pseudo steady-state’’ condition.
In the general equation, which is characteristic of CFMF, the
coefﬁcient k and index n can take different values, depending on
the fouling mechanism (Field et al., 1995).
To identify the main cause of the ﬂux decay during CFMF of açaí
pulp, four fundamental fouling mechanisms derived from Eq. 6
were examined as follows:
2.5.2.1. Cake ﬁltration (n = 0). Relatively large solutes such as
hydrocolloids and macromolecules are rejected by the membrane,
i.e., they do not enter the pores, and form a layer at the membrane
surface. In this case the cake and membrane resistances comprise
overall resistance.
k0t ¼ 1
J2f
ln
J
J0
 J0  Jf
J  Jf
 
 Jf
1
J
 1
J0
  
ð7Þ2.5.2.2. Intermediate pore blocking (n = 1.0). Where the particles
block only a fraction of the pores, and the particles accumulated
on the membrane surface are also taken into account.
k1:0t ¼ 1Jf
ln
J0  Jf
J0
 J
J Jf
  
ð8Þ2.5.2.3. Standard pore blocking (n = 1.5). Also known as internal
pore blocking, this mechanism occurs when the pore volume de-
creases due to the deposition or adsorption of microsolutes and/
or macromolecules within the pores.1
J0:5
¼ 1
J0:50
þ k1:5t ð9Þ2.5.2.4. Complete pore blocking (n = 2.0). When each particle reach-
ing the membrane surface contributes to blocking the pores and
completely sealing the ﬁltration area.
J ¼ ðJ0  JfÞexpðk2:0J0tÞ þ Jf ð10Þ
The k parameter estimate was performed through a non-linear
regression optimization procedure using the STATISTICA pro-
gram. For each set of J  t experimental data, a series of four opti-
mization runs were sequentially performed, where n was equal to
0, 1.0, 1.5, and 2.0. The corresponding initial ﬂux (J0) and terminal
ﬂux (Jf) values were obtained from the experiments.
The dominant fouling mechanism was established by compar-
ing the correlation coefﬁcients between numerical predictions
and experimental data.
2.6. Phytochemical characterization
Total phenolic content in the samples was determined using the
Folin–Ciocalteu colorimetric method (Singleton and Rossi, 1965)
optimized by George et al. (2005). Prior to the analysis, the samples
were diluted in distilled water (1:100 for pulp and 1:20 for feed
suspension, permeate and retentate) to obtain absorbance readings
at 760 nm within a 0.1–0.7 range. Calibration curve linearity was
obtained using the gallic acid standard in the 10–75 mg L1 con-
centration range. Total polyphenols were expressed as gallic acid
equivalents (GAE) (mg of gallic acid) per 100 mL of sample.
Antioxidant capacity was measured in terms of the free radical
scavenging activity of the açaí samples, following the DPPH (free
radical 2,2-diphenyl-1-picrylhydrazyl) assay based on Brand-Wil-
liams et al. (1995) with modiﬁcations. Aliquots of 0.1 mL of açaí
samples diluted in distilled water, as mentioned above, were added
to 3.9 mL of a 0.05 mmol L1 solution of DPPH in ethanol. The
mixtures were incubated in the dark at room temperature, and
after 15 min of reaction, the absorbance was read at 517 nm in a
spectrophotometer (Biospectro SP-22). Trolox was used as the
reference antioxidant compound in the 0–1000 lmol L1 concen-
tration range. The results were expressed as lmol of trolox equiv-
alent antioxidant capacity (TEAC) per 100 mL of sample. All
determinations were made in triplicate.
The effect of the enzyme treatment on the reduction (R%) of to-
tal polyphenols and antioxidant capacity, after the membrane
microﬁltration process, was evaluated as follows:
R ¼ 1 Cp
CF
 
100 ð11Þ
where CP represents the concentration of the solute at the perme-
ate, and CF is the concentration at the feed.
Data analysis was performed by determining the mean of three
values, and calculating the standard deviations. Polyphenols con-
centration and capacity antioxidant data were further analyzed
using a t-test (Miller and Miller, 1993).
3. Results and discussion
3.1. Permeate ﬂux behavior
Fig. 2(a) shows a typical ﬂux behavior for ﬁltration of diluted
açaí pulp using alumina ceramic membranes. At the beginning of
the microﬁltration process the permeate ﬂux was high, particularly
when the pulp was treated with Ultrazym AFPL. However, after
20 min of the process the ﬂux behavior was more constant, with
a slight decay.
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Fig. 2. Cross-ﬂow microﬁltrations experiments of diluted açaí pulp (treated or untreated with Ultrazym AFPL) using 0.2 lm and 0.8 lm pore size ceramic membranes. The
ﬂuid-dynamics conditions consisted of transmembrane pressure ofDP = 100 kPa and cross-ﬂow velocity of 3 m s1 in turbulent ﬂow (Re = 21,000). A, B and C refer to different
membranes. (a) Permeate ﬂux (J) vs. ﬁltration time (min); (b) Accumulated permeate volume vs. ﬁltration time (min).
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ations has been attributed to the formation of a cake layer at the
membrane surface. Açaí fruit is rich in lipids (5–7% on a wet basis),
protein and insoluble dietary ﬁber (Menezes et al., 2008; Schauss
et al., 2006), and deposition of these compounds on the membrane
surface during the ﬁrst minutes of the microﬁltration contribute to
the formation of this layer.
The highest values of permeate ﬂux and accumulated permeate
volume (Fig. 2a and b) were obtained using 0.2 lm pore size mem-
branes with steady ﬂux values higher than 83 L h1 m2, indicating
good performance for membrane application.
The lowest performance of the 0.8 lm pore size membrane may
be correlated with the particle size in the feed solution. A study
(Trevisan, 2011) conducted in our laboratory, using acoustic atten-
uation spectroscopy (APS-100 – Matec Applied Science, Northbor-
ough, USA) for particle size analysis of ﬁve commercial brands of
açaí pulp, found that most particles had a diameter less than
0.6 lm. As a consequence, small particles less than 0.8 lm in diam-
eter could pass through the cake layer and plug the pores via
adsorption or physical blockage, thereby increasing resistance to
the ﬂow. For the 0.2 lm pore size membrane, results indicate that
obstruction of the pores caused by adsorption or physical blockage
should have occurred with less intensity due to the considerable
presence of particles of more than 0.2 lm in diameter.Evaluation of the enzyme treatment effect on the performance
of the microﬁltration membrane was made by comparing experi-
ments conducted with the same membrane. The CFMF using en-
zyme-treated pulp resulted in the highest permeate ﬂux and
accumulated permeate volume values. Açaí fruits are rich in die-
tary ﬁber, which consists primarily of pectic substances, cellulose
and hemicelluloses. These compounds negatively affect the micro-
ﬁltration membrane clariﬁcation process due to their ﬁbrous nat-
ure, and their amounts can vary widely, from 44% to 71% of dry
weight. A 3% average that comprises pectins (Schauss et al.,
2006; Borovik, 2010; Ruﬁno et al., 2011).
Pectinases act on the destabilization of the pectin–protein com-
plex, which is formed by positively charged proteins covered by a
layer of pectin. The hydrolysis of the protective pectin coating ex-
poses positive charges that can initiate aggregation, leading to in-
creased particle size and decreased viscosity (Pilnik and Voragen,
1993; Kashyap et al., 2001; Yu and Lencki, 2004), which improved
the performance of the membranes when the enzyme-treated pulp
was microﬁltered.
The commercial enzyme preparation Ultrazym AFPL used in
this study is characterized by prevailing pectin lyase (PL) activity
which acts on the pectic substances. PLs are of particular interest
in the processing of fruit juices due to the direct degradation of
pectin polymers by the b-elimination mechanism, resulting in
Table 2
Evaluation of cleaning effectiveness through percentage ﬂux recovery (FR) using
water ﬂux data of new, fouled (after rinsing with water to remove cake layer) and
cleaned membranes.
Experiments New (Jw)
(L h1 m2)
Fouled
(L h1 m2)
After chemical cleaning
(Jwc) (L h1 m2)
FR
(%)
MF1 11906 75 9243 78
MF2 11906 219 9940 83
MF3 4458 236 4103 92
MF4 4458 269 4068 91
MF5 7514 236 6428 86
MF6 7514 391 6698 89
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pectinases act sequentially to degrade pectin molecules com-
pletely. This leads to a reduction in the viscosity of the juices with-
out negatively affecting the ester groups responsible for speciﬁc
aromas of various fruits (Benen et al., 2003; Yadav et al., 2009).
3.2. Membrane chemical cleaning effectiveness
Before microﬁltrations MF1, MF3 and MF5 of açaí pulp (Table
1), initial water ﬂuxes were measured by passing distilled water
through the new membranes, under similar operating conditions,
to ﬁnd the intrinsic membrane resistance (RM) and initial permeate
ﬂux (Jw) of the respective membranes.
Table 2 shows the Jw, Jwc and FR values for all microﬁltration
experiments carried out in this study.
The literature recommends FR values higher than 85% after
sequential microﬁltrations (Gan et al., 1999; Astudillo et al.,
2010). However, in this study the chemical cleaning performed
after microﬁltrations MF1 and MF2 was unable to restore the water
ﬂux to the recommended value, and no additional chemical clean-
ing was performed to increase FR.
The lowest FR values obtained after chemical cleaning of the
0.8 lm pore size membrane may be related to the particle size in
the açaí pulp, and the speciﬁc physical and chemical interactions
in which these particles are involved, forming a fouling whose re-
moval was more difﬁcult.
3.3. Analysis of the permeate ﬂux decay
3.3.1. Resistance in series model
For the 0.8 lm pore size membrane (membrane A), the esti-
mated total resistance after microﬁltration of enzyme-treated0
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Fig. 3. Effect of enzymatic treatment of açaí pulp on resistance values, calculated accord
fouling, and RM is membrane resistance.açaí pulp (61.74  1011 m1) was 21% lower than untreated pulp
(78.38  1011 m1). Between MF1 and MF2 a probably irreversible
fouling remained, which chemical cleaning did not eliminate.
However, this residual resistance was about 0.1% (0.63 
1011 m1) of the estimated RT for MF2. Resistance values due to
fouling and cake layer differed markedly, indicating the nature of
the resistance was changed with the enzyme treatment (Fig. 3).
The resistance rate related to fouling (69% in MF1), dropped to
27% in MF2.
As mentioned earlier, the diameter of most particles in com-
mercial açaí pulp was less than 0.6 lm, which could contribute
to the internal membrane obstruction reducing the permeate ﬂux
in MF1. The enzymatic hydrolysis of pectic substances may have
caused the destabilization of complex pectin–protein, increasing
the particle size and probably affecting the resistance rate due to
fouling in MF2.
The RT values for the microﬁltrations using 0.2 lm pore size
membranes (membranes B and C) ranged from 36.35  1011 to
46.74  1011 m1, while the microﬁltrations using enzyme-treated
açaí pulp resulted in the lowest RT values: 22% lower for MF4 than
MF3, and 15% lower for MF5 than MF6. The residual fouling resis-
tance rate after cleaning in MF4 and MF6 was less than 2% of the
estimated RT, and did not inﬂuence the performance of the
membranes.
For the 0.2 lm pore size membrane, resistance values due to
fouling and cake layer also differed between microﬁltrations of en-
zyme-treated and untreated pulp, though to a lesser degree (Fig. 3).
Resistance due to fouling was 53% of RT in MF3 and 57% in MF4,
indicating a slight increase for enzyme-treated pulp. For microﬁl-
trations using membrane C, resistance due to fouling was 16% in
MF5 and 22% in MF6, indicating that enzyme treatment improved
permeation, but did not signiﬁcantly affect the type of resistance.
The highest resistance for membrane C was due to cake layer,
which was not the case with membrane B, indicating that mem-
branes from the same supplier and with the same pore size can
perform differently with respect to resistance type.
The results of this study are consistent with the literature ﬁnd-
ings for decreased resistance due to enzyme-induced aggregation
and its positive effect on the permeate ﬂux (Yu and Lencki,
2004). An enzyme treatment in the microﬁltration of umbu juice,
using a polymeric membrane, had a positive inﬂuence on the
clariﬁcation process, while most resistances were due to fouling,
followed by cake layer (Ushikubo et al., 2007). In a study conducted
by Araújo et al. (2011), the enzymatic pretreatment of rawF4 (B) MF5 (C) MF6 (C) 
RF
RC
RM 
ing to Darcy’s law, where RC is resistance due to cake layer, RF is resistance due to
Table 3
Summary of non-linear regression optimization results (k parameter values) and correlation coefﬁcients (r) between numerical predictions and experimental data for the four
fundamental membrane fouling mechanisms.
Experiments Cake ﬁltration Intermediate pore blocking Standard pore blocking Complete pore blocking
K0 r K1.0 r K1.5 r K2.0 r
MF1 0.001368 0.9539 0.041351 0.9356 0.038335 0.8348 3.247212 0.9169
MF2 0.000884 0.9156 0.038445 0.8517 0.028898 0.7211 3.739404 0.8315
MF3 0.000463 0.9562 0.027716 0.9492 0.018212 0.8428 3.079286 0.9383
MF4 0.000359 0.9393 0.023560 0.8725 0.022162 0.7060 3.816726 0.8593
MF5 0.000289 0.7647 0.052063 0.7660 0.027847 0.3856 9.040855 0.7547
MF6 0.000388 0.9401 0.021356 0.9578 0.013005 0.8811 2.382881 0.9532
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Fig. 4. Flux decay and fouling mechanisms for microﬁltrations of enzyme-treated or untreated açaí pulp, where n = 0 for cake ﬁltration, n = 1 for intermediate pore blocking,
n = 1.5 for standard pore blocking, and n = 2 for complete pore blocking.
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a signiﬁcant reduction in juice viscosity and had a positive effect on
the permeate ﬂux, which maintained a high value throughout the
microﬁltration process. The authors also found the enzyme treat-
ment was effective in the hydrolysis of macromolecules responsi-
ble for fouling.3.3.2. Blocking in law model
The k parameter values were estimated through non-linear
regression optimization, and the correlation coefﬁcients (r) are
summarized in Table 3. Comparisons between numerical predic-
tions and experimental data of the microﬁltrations assays are
shown in Fig. 4.
Table 4
Total polyphenols concentrations in açaí pulp, feed suspension (untreated and enzyme-treated), and products (permeate and retentate) obtained after cross-ﬂow microﬁltrations.
Analysis Samples Microﬁltrations
MF1 MF2 MF3 MF4 MF5 MF6
Total polyphenols (mg GAE 100 mL1) Açaí pulpa 513 ± 0.6 510 ± 6.1 585 ± 15.2 542 ± 3.6 563 ± 10.9 525 ± 3.6
Feed 128 ± 1.0 131 ± 2.9 145 ± 0.2 114 ± 2.6 158 ± 0.9 125 ± 2.8
Permeate 76 ± 0.8 (41)b 83 ± 0.4 (37) 71 ± 0.5 (51) 73 ± 0.4 (36) 84 ± 0.9 (47) 68 ± 0.5 (46)
Retentate 123 ± 1.3 (4) 109 ± 0.5 (17) 145 ± 6.6 (0) 115 ± 3.1 (0) 138 ± 5.2 (13) 112 ± 0.4 (10)
GAE: gallic acid equivalent per 100 mL of sample.
Data are expressed as the mean of three replicates ± standard deviations.
a açaí pulp in natura (untreated).
b Percentage reduction in comparison with the feed.
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sion to estimate the correlation coefﬁcients. Based on ‘‘r’’ values
the dominant phenomenon for most of the microﬁltrations was
cake ﬁltration. For MF5 and MF6, however, intermediate pore
blocking and complete pore blocking mechanisms also ﬁtted the
experimental data well.
With the exception of MF5, for microﬁltrations using enzyme-
treated pulp, the correlation coefﬁcients for cake ﬁltration were
higher than 0.91, while for the other fouling mechanisms the r val-
ues were lower than 0.86. These ﬁndings indicate that cake ﬁltra-
tion was the dominant fouling mechanism, probably due to the
aggregation of particles induced by enzyme activity, where the
macromolecules created were rejected and then accumulated on
the membrane surface, forming a cake layer.
Fig. 4(a–f) shows that cake ﬁltration ﬁtted the experimental
data well for the ﬁrst 20–30 min of the microﬁltration tests. Subse-
quently, with the exception of standard pore blocking (which did
not ﬁt any experimental data well), all other fouling mechanisms
contributed to the fouling process.
The resistance in series model demonstrated that the nature of
the fouling (reversible or irreversible) also depended on the mem-
brane used in the microﬁltrations. This model is unable to distin-
guish the moment at which the resistances occur, but can
quantify them experimentally, which the pore blocking model
did not allow.
A comparison of the two permeate ﬂux decay models showed
an agreement in the results when enzyme-treated pulp was used
in the MF experiments, speciﬁcally a predominance for the forma-
tion of a cake layer at the membrane surface.
In recent studies the blocking model has been applied, with rel-
ative success, to the cross-ﬂow mode for modeling complex pro-
cesses. Almandoz et al. (2010) studied the concentration process
for dairy proteins using cross-ﬂow ultraﬁltration. To determine ﬁl-
tration resistance the authors developed a model for two perme-
ation ﬂux periods. Pore blocking (or incomplete pore blocking)
was dominant in the ﬁrst period, while cake ﬁltration was domi-
nant in the second. Rai et al. (2010) used a blocking model to study
ﬂux decline behavior in the microﬁltration of watermelon juice,
and found cake ﬁltration to be the best ﬂux decline mechanism.
Li et al. (2010) analyzed fouling mechanisms by employing a mod-
iﬁed model ﬁtted to a non-linear regression procedure, and per-
formed an experimental analysis with scanning electron
microscopy. The authors observed that the cake ﬁltration mecha-
nism was dominant in most operating conditions. Hu and Scott
(2008) also veriﬁed that cake ﬁltration gave the best correlation
between model and experimental data in the analysis of the ﬂux
decay during cross-ﬂow microﬁltration of water in oil emulsions.
Moreover, the authors observed that two stages of ﬁltration
seemed to occur: the more signiﬁcant ﬂux decay that occurred in
the initial stages of ﬁltration was due to the cake ﬁltration, fol-
lowed by pore blocking and intermediate pore blocking.3.4. Phytochemical characterization
Table 4 shows the total polyphenols contents of the açaí pulp,
diluted açaí pulp, permeate and retentate samples from the micro-
ﬁltration experiments.
Total polyphenols concentrations in the açaí pulp samples used
in this study ranged from 510 to 585 mg GAE 100 mL1. Data in the
literature concerning content and proﬁle of polyphenols in açaí
fruit are scarce and difﬁcult to compare due to the different values
achieved. Cruz et al. (2011) found 343.7 ± 15.4 mg GAE 100 g1 of
fresh weight (FW), while the phenolic content measured by
Pacheco-Palencia et al. (2007) in açaí pulp was 197.2 ±
6.9 mg GAE 100 mL1 of sample. Hassimotto et al. (2005) found
328 ± 0.9 GAE 100 g1 of FW in commercially available frozen
açaí pulp. The difference in total polyphenol contents among the
various studies that analyzed açaí pulp may have been inﬂuenced
by factors that include degree of ripeness, variety, processing, stor-
age, and differences in methods used to analyze these compounds.
The polyphenols levels found in açaí pulp (>500 mg GAE
100 mL1 of sample)werehigher than thoseof other Brazilian exotic
fruits with considerable market potential, such as murici
(159.9 ± 5.6 mg GAE 100 g1 of FW), mangaba (98.8 ± 5.6 mg GAE
100 g1 of FW) and tamarind (83.8 ± 6.1 mg GAE 100 g1 of FW),
and lower than those found in acerola (861 ± 62 mg GAE 100 g1
of FW), which has been widely commercialized as frozen pulp and
juice (Hassimotto et al., 2005; Almeida et al., 2011).
The dilution step of the açaí pulp reduced total polyphenols to
more than 70% compared to the initial concentration. The results
of the polyphenol concentrations found in the permeate and reten-
tate samples were compared with those of the feed suspensions.
Average reductions of total polyphenols were 43% (±5.9%) in the
permeates and 7.3% (±7.2%) in the retentates. The reduction of total
polyphenol contents in the retentate may be due to oxidation reac-
tions occurring in the feed tank. Additional losses can be attributed
to the action of the endogenous enzymes present in the pulp. Cruz
et al. (2011) reported a 57.3% reduction of total phenolics (from
331.3 to 141.5 GAE 100 g1 of FW) in the permeate fraction and a
28.5% increase of total phenolics (from 331.3 to 425.8 GAE 100 g1
of FW) in the retentate fraction after microﬁltration using 0.1 lm
pore size alumina ceramic membranes. The authors also injected
nitrogen gas into the system in order to minimize oxidation reac-
tions. Pacheco-Palencia et al. (2007) found that the clariﬁcation
process (vacuum ﬁltering through ﬁlter paper, followed by passing
through diatomaceous earth) caused a 27% drop in the concentra-
tion of polyphenols in clariﬁed pulp, in comparison to unclariﬁed
juice.
Permeates obtained from the microﬁltration of enzyme-treated
pulp showed less reduction on average (40%) than those from
untreated pulp (46%), indicating that enzyme treatment improved
the permeation of polyphenols through all membranes used in
the microﬁltration experiments (Fig. 5). Using the t-test, the
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Fig. 5. Percentage reduction of total polyphenols content (mg GAE 100 mL1) and antioxidant capacity (lmol of TEAC 100 mL1) in the permeate in relation to the feed
suspension (diluted açaí pulp with or without enzyme treatment).
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(p < 0.01) between permeates obtained from enzyme-treated and
untreated pulp.
Data in the literature indicate that the extraction of polyphenols
from fruits such as grapes and blackcurrants could be due to the
random release of these compounds from the skin cell wall in re-
sponse to the progressive enzymatic degradation of cell wall poly-
saccharides. Furthermore, the use of enzymes could enhance the
juice yield and the extraction of polyphenols, suggesting a positive
linear correlation between the degradation of the polysaccharides
and the amount of polyphenols released (Bagger-Jørgensen and
Meyer, 2004; Koponen et al., 2008).
Table 5 shows the variation in antioxidant capacity in the açaí
pulp, feed suspension, permeate and retentate samples.
The antioxidant capacity of a food is usually determined by a
combination of methods due to the presence of different antioxi-
dants with different action mechanisms. As the purpose of this
study was to evaluate products originated by the cross-microﬁltra-
tion process (permeate and retentate), when compared to feed sus-
pension from the microﬁltration experiments, only one method
was used to determine the in vitro antioxidant capacity of the sam-
ples. The method chosen was the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging assay, which is among the most popular
spectrophotometer methods to determine the antioxidant capacity
in foods and chemical compounds, due to the chemical stability of
its free radical (Brand-Williams et al., 1995; Sanchez-Moreno,
2002; Molyneux, 2004).
The antioxidant capacity measured in the ﬁve brands of com-
mercial açaí pulp ranged from 1436 to 1760 lmol of trolox equiv-
alent antioxidant capacity (TEAC) per 100 mL of the sample. As
discussed above for total polyphenols, it was also difﬁcult to com-
pare the antioxidant capacity values found in this study with those
of other studies due to several factors, primarily the use of different
determination methods.Table 5
Antioxidant capacity (lmol TEAC 100 mL1) of açaí pulp, feed suspension (untreated and
microﬁltrations.
Samples Microﬁltrations
MF1 MF2 MF3
Açaí pulpa 1653 ± 46.2 1695 ± 16.7 1760 ± 34.6
Feed 400 ± 0.0 365 ± 5.1 367 ± 10.1
Permeate 335 ± 23.4 (16)b 258 ± 8.4 (29) 269 ± 15.1
Retentate 353 ± 16.2 (12) 221 ± 7.7 (39) 317 ± 12.9
TEAC: lmol of trolox equivalent antixodiant capacity per 100 mL of sample
Data are expressed as the mean of three replicates ± standard deviations
a açaí pulp in natura (untreated).
b Percentage reduction in comparison with the feed.As an example, Pozo-Insfran et al. (2004) and Pacheco-Palencia
et al. (2007) determined the antioxidant capacity of açaí pulp using
ORAC assay (oxygen radical absorbance capacity) and found
4860 lmol TEAC 100 mL1 and 5440 ± 170 TEAC 100 mL1, respec-
tively. Cruz et al. (2011) determined the antioxidant capacity using
the ABTS [2,29-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid]
assay and found 2780 ± 100 lmol TEAC 100 g1 of açaí pulp after
maceration of the fruit. These ﬁndings represent relatively high
antioxidant content in comparison with the values found in this
study.
The antioxidant capacity found in açaí pulp (>1400 lmol
TEAC 100 mL1 of sample) was higher than those of other Brazilian
exotic fruits with considerable market potential, such as murici
(646 ± 31 mg TEAC 100 g1 of FW), mangaba (527 ± 34 mg TEAC
100 g1 of FW) and tamarind (204 ± 48 mg TEAC 100 g1 of FW),
which were determined using the DPPH assay (Almeida et al.,
2011). The dilution step for açaí pulp reduced the antioxidant
capacity more than 79% from the initial value.
The average reduction of lmol TEAC per 100 mL of the perme-
ate (31.6% ± 10.8%) obtained after microﬁltration of enzyme-trea-
ted pulp was signiﬁcantly higher (p < 0.01) than that obtained
after microﬁltration of untreated pulp (Fig. 5). As for polyphenols,
the reduced antioxidant capacity of the retentate (25.5% ± 12.7%)
was due to the oxidation and enzymatic reactions carried out in
the feed tank during the microﬁltrations. Similar results were
found by other authors (Cruz et al., 2011; Pacheco-Palencia et al.,
2007), which found reduced antioxidant capacity after açaí juice
clariﬁcation.
As the antioxidant capacity efﬁciency of polyphenols greatly de-
pends on their chemical structure (Bravo, 1998), one reason for de-
creased antioxidant capacity in the permeates for treated pulp can
be associated with heating the pulp to 35 C to induce enzyme
activity. Although the 30 min-period for enzyme incubation is
short, it may have been enough to affect the chemical structureenzyme-treated), and products (permeate and retentate) obtained after cross-ﬂow
MF4 MF5 MF6
1547 ± 57.7 1606 ± 85.5 1436 ± 69.4
294 ± 7.7 358 ± 10.2 230 ± 1.9
(27) 154 ± 6.9 (48) 248 ± 1.9 (31) 140 ± 5.1 (39)
(14) 179 ± 1.9 (39) 246 ± 3.3 (31) 189 ± 1.9 (18)
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the anthocyanins in which stability is adversely affected by tem-
perature. Additionally, enzyme activity on the açaí pulp may have
caused changes in the polyphenols proﬁle affecting their ability to
scavenge the DPPH free radical (Buchert et al., 2005; Koponen
et al., 2008).4. Conclusion
The 0.2 lm pore size membrane performed better than its
0.8 lm counterpart. Moreover, the results showed a positive effect
of pectin lyase on the cross-ﬂow microﬁltration process of açaí
pulp, yielding the highest ﬂux and lowest total membrane resis-
tance, which can be attributed to enzyme action on the pectic
compounds.
Cake ﬁltration was the dominant mechanism in the early stages
of most of the microﬁltration processes. After approximately
20 min, however, intermediate pore blocking and complete pore
blocking contributed to the overall fouling mechanisms.
In general, the mechanisms that cause fouling and the inﬂuence
of membrane properties on such mechanisms are not yet under-
stood. Dissolved substances such as proteins, polysaccharides and
polyphenols are involved in the formation of fouling, but the indi-
vidual impact on porous membrane blocking has not yet been
determined. Further studies on fouling layer structural morphol-
ogy using microscopy techniques will be undertaken.Acknowledgements
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